In situ plankton sampling, combined with remotely sensed and ocean Seaglider observations, provided insight into the termination of the winter monsoon bloom and subsequent evolution into a subsurface fluorescence maximum in the northwestern Arabian Sea. This subsurface maximum gradually descended, presenting increased fluorescence between 25 and 55 m depth during the spring inter-monsoon season. Species diversity decreased by half within the deep fluorescence maximum relative to the bloom. The dinoflagellate Noctiluca scintillans dominated by biomass in all samples collected from the depth of the subsurface fluorescence maximum. We show that the subsurface algal bloom persists throughout inter-monsoon seasons, linking algal blooms initiated during the southwest and northeast monsoons. In situ samples showed a net decrease in Noctiluca cell size, illustrating a shift towards a deep chlorophyll maximum adapted community, but did not exhibit any increases in chlorophyll-containing endosymbionts. We propose that the plankton biomass and estimates of the northwestern Arabian Sea productivity are much greater than estimated previously through remote sensing observations, due to the persistence, intensity and vertical extent of the deep chlorophyll maximum whichusing remote means -can only be estimated, but not measured.
INTRODUCTION
It is generally believed that algal blooms in the Arabian Sea undergo a well pronounced seasonal cycle, governed by reversing monsoon and intermonsoon seasons (Sawant & Madhupratap 1996 , Wiggert et al. 2005 , Lévy et al. 2007 ). The winter (northeast) monsoon affects the region from December to March, while the summer (southwest) monsoon develops from June to September. Time ranges between monsoons are called the intermonsoon seasons, although both monsoon and inter-monsoon seasons are subject to interannual variations. In the above cited and many other studies, remotely sensed chlorophyll a (chl a) concentrations are used as an indicator of algal blooms. This seasonal variability in phytoplankton biomass is accompanied by a strong spatial heterogeneity on a basin scale. The highest seasonal means and interseasonal variability of chl a were observed in the western and northwestern Arabian Sea (Piontkovski & Claereboudt 2012) .
Unlike the satellite record, which now provides ocean colour-based chl a estimates over the last 2 decades, there is a paucity of in situ chl a measurements in the western Arabian Sea, and even more so in the gulf region north of Oman. This is principally due to a reduced observational effort linked to the absence of oceanographic research vessels (in Oman) designated for regular field surveys along the Omani shelf as well as piracy issues in the western Arabian Sea region limiting access by foreign vessels.
The phytoplankton community of the western Arabian Sea is very diverse. The coastal region harbours about 287 species (Al Hashmi et al. 2015) . Al-Azri et al. (2007) described the onset and development of Noctiluca blooms, the dominant phytoplankton species by biomass, in the Gulf of Oman; the study performed throughout 2005 and 2006 found that the highest concentrations of N. scintillans in surface waters along the coast of Muscat, Oman, occurred during the northeast monsoon (December to February) . Green N. scintillans blooms were also sampled in Pakistani waters during a 5 yr period (Chaghtai & Saifullah 2006) . Farther to the east, blooms of green Noctiluca have been reported in coastal waters of India (Padmakumar et al. 2010 . In 2006, a regular monthly sampling programme was initiated to sample the coastal water of Oman and has characterised the community composition and phenology of coastal blooms in the region (Al-Hashmi et al. 2015) .
N. scintillans is an unarmoured phagotrophic dinoflagellate which does not contain pigments and whose cytoplasm appears colourless (Dwivedi et al. 2012 , Thibodeau et al. 2014 . Cells are large in size, ranging from 200 to 2000 μm. Two forms of N. scintillans have been reported in the Arabian Sea: a 'red' and a 'green' variant. The latter contains the photosynthetic symbiotic alga Pedinomonas noctilucae. This green form is mixotrophic and can survive without an external food supply via photosynthetic products from its symbionts, while the red Noctiluca is heterotrophic (Harrison et al. 2011) .
To better quantify the seasonal cycle of primary production in the western Arabian Sea, studies now need to focus on understanding the vertical structure of Noctiluca blooms (Gomes et al. 2008) . Here we present the first season-long, high-resolution continuous observations of the vertical structure of chl a fluorescence profiles using ocean gliders (Seagliders). These data are combined with plankton sampling (with special reference to the subsurface algal bloom) and remote sensing. Chl a fluorescence is converted into chl a concentration (using coefficients from Morel & Maritorena 2001) . The use of the Morel coefficients aligns the glider and remote sensing estimates of chl a. Remotely sensed chl a is a major constituent in algorithms that link remotely sensed ocean colour to primary productivity of the ocean (Saba et al. 2011) .
MATERIALS AND METHODS

Plankton sampling
Phyto-and mesozooplankton samples were collected during the daytime (09:00−12:00 h), from the surface and at the deep chlorophyll maximum (DCM) using both 5 l Niskin bottles and 150 μm mesh Bongo nets. Noctiluca abundance was determined by direct count in triplicate 100 μl samples collected by Bongo net and analysed by using a Zeiss inverted microscope (model 'Axiovent 25', 50× and 100× magnification). Noctiluca cells were also counted in the Niskin bottle samples collected from the deep fluorescence maximum. The Niskin bottle preserved samples were used to characterise the taxonomic composition of the phytoplankton community. In low-abundance samples, the entire sample was screened and all cells were counted. Images for optical determination of cell diameter, cell surface area, endosymbiont algal surface area and food vacuole abundance in Noctiluca were collected using a Zeiss AxioCam MRc5, and a total of 664 cells were analysed with AxioVision (v.4.8) .
Mesozooplankton samples collected by nets were transferred to 0.5 l bottles and preserved in 5% borate-buffered formaldehyde. Organisms were identified to the genus level and if possible to species level, then counted under a stereomicroscope.
Glider observations
A Kongsberg Seaglider 1KA (Eriksen et al. 2001) was deployed 5 km off the coast of Muscat and sent along a repeat transect extending 80 km to the northnortheast (Fig. 1) . The Seaglider collected a total of 1424 vertical profiles over a period of 91 d (4 March to 3 June 2015), covering 24 repeats of the transect. The glider was equipped with a Seabird free-flushing conductivity-temperature sensor, a Biospherical QSP-2150 PAR (photo synthetically active radiation) sensor, an Aanderaa 4330F oxygen optode and a Wetlabs Triplet ECO puck measuring chl a fluorescence (470/695 nm). Glider data were processed using the UEA Sea glider toolbox (www.bitbucket.org/bastien queste/ uea-seaglider-toolbox) as per Queste (2014) . The Aanderaa 4330F probe suffered from water ingress and stopped functioning on 30 April 2015, but all other sensors functioned as expected.
The Wetlabs Triplet ECO puck functions by measuring the ~2% energy emitted as fluorescence during photosynthesis. The sensors emit light in the blue to excite chl a fluorescence and measure the resulting emissions in the red. Phytoplankton adapts to specific light regimes and suffers from quenching when exposed to excessive light (Biermann et al. 2015) . The glider fluorescence data were first corrected for quenching using a time and depth dependent night-time ratio of optical backscatter to fluorescence corrected from the 3 channels of the ECO puck as per Hemsley et al. (2015; our Fig. 2) ; no quenching could be detected below the euphotic depth (1% surface light), indicating that the process was able to accurately identify quenching-affected portions of the water column (Biermann et al. 2015) . Quenchingcorrected fluorescence was then converted to chl a values using a scale factor determined by regressing the light attenuation profile from the PAR sensor to the theoretical light attenuation profiles calculated from the fluorescence profiles and attenuation coefficients. This same method is used for Bio-Argo floats worldwide relying on the diffuse attenuation coefficient (K d ) composed of the diffuse attenuation coefficient of pure water (K w ) and chl a component (Morel & Maritorena 2001 , Xing et al. 2011 ). This method relies on the assumption that there is a constant relationship between light absorbance and chl a concentration, and that the Morel & Maritorena (2001) diffuse attenuation coefficients are representative of this region (i.e. Case I waters). The latter can be held as true in the open deep waters away from the shelf. As we observed no spatial variability in scale factors, we therefore assume the latter assumption also held true in-shore. The former assumption presents a more fundamental issue, as it is dependent both on chlorophyll packaging within cells and the ratio of phytoplankton to zooplankton. Due to the apparent shift in chlorophyll packaging observed in Noctiluca cells, we elected to use a single fluorescence to chl a scaling factor (2.32 ± 0.11) to avoid overestimating chl a concentrations during the latter period. To validate the calibration, we compared optically weighted chlorophyll (C f ) from the Seaglider, calculated according to the following equations, to daily 4 km resolution Level-3 VIIRS ocean colour products ( Fig. 2 ; Smith et al. 2013) . The Seaglider data presented a very good fit to the satellite data and are therefore comparable to the historical remotely sensed data in the region.
( 1) where C(z) is the chl a concentration at depth z, K d is the diffuse attenuation coefficient and ƒ(z) is given by:
( 2) and K d can be estimated using coefficients from Morel & Maritorena (2001) : (3) where K w is the contribution of pure water and χ m [Chl] e is the term representing the biological component calculated with the Morel and Maritorena coefficients. Satellite-derived VIIRS monthly Level-3 ocean colour index products were used to map surface chl a concentrations (with a 4 km spatial resolution). These data were obtained from NASA's OceanColor Web, supported by the Ocean Biology Processing Group at NASA's Goddard Space Flight Center.
RESULTS
Seaglider observations captured the decline of the northeast monsoon and the spring inter-monsoon season. Initially, the Seaglider observed moderate stratification followed by a weeklong mixing event. Throughout the rest of the survey, the Seaglider recorded increasing temperatures in the upper layer of the water column ( Fig. 1c) with the formation of a strong near-surface thermocline in midMarch which gradually sank to 40 m.
Descent of the pycnocline, beginning on 20 March 2015, was accompanied by the formation of a DCM between the 1024.5 and 1025 kg m −3 isopycnals (Fig. 1d) .
During the first week of the survey, chl a concentrations were uniform between the surface and 30 m and were the remnant of the winter algal bloom observed in February (Figs. 1, 3 & 4) . The demise of the bloom seems to have been caused by a large mixing event which distributed chl a evenly down to 110 m (Fig. 1d) , significantly below the euphotic depth (corresponding to 1% of surface PAR; Fig. 4 ) over a 6 d period. The pre-DCM period (before 20 March 2015) shows high variability in both concentration and depth-integrated values of chl a. It is not known whether this variability is spatial or temporal due to the lack of remote sensing observations during this period (Fig. 2) . As restratification occurred, a DCM formed in a thin layer (15−30 m). This maximum was observed through to the summer (southwest) monsoon and sustained elevated concentrations of chl a -more than half of that observed during the bloomthroughout the rest of the season (Fig. 1e) . Enhanced production along the DCM is shown by an increase in dissolved oxygen concentrations along the thin layer (Fig. 1f) . The DCM showed little spatial or temporal variability throughout the survey other than the gradual deepening along the pycnocline. An increase in chl a could occasionally be observed near the shelf edge but was not consistent enough to be described as a persistent feature. In particular, depth-integrated estimates of chl a showed very little variability after the collapse of the bloom and the descended thermocline (Figs. 1e & 2) .
Taxonomic analysis of Niskin samples showed that Noctiluca scintillans made up 90% of the total phytoplankton abundance as the DCM descended. The time series of processed samples illustrates a decline of Noctiluca abundance in the upper mixed layer from 120 000 to 20 000 cells l −1
, from March to April 2015. This decline was accompanied by a decrease in cell diameter, from 752 to 283 μm. Simultaneously, the average surface area of the photosynthetic endosymbiotic flagellates Pedinomonas noctilucae inside Noctiluca cells containing these symbionts decreased from ~150 000 μm 2 in December 2014 to ~50 000 μm 2 in April 2015 (Fig. 5) . The decrease in endosymbiont size happened in proportion with the decrease in cell size leading to a constant ratio of the cell size (surface area) of the endosymbiont to that of the Noctiluca host (Fig. 5) . With regard to this figure (aiming to highlight a declining trend), it should be mentioned that samples of Noctiluca (collected in December to March by Bongo nets) began well before the Sea glider campaign began, but finished once the DCM was established. No particular variability in the presence of food vacuoles was ob served, with most cells containing only 1 vacuole (although in rare cases up to 5 were observed), and <1% of cells containing food. Phytoplankton samples at the DCM showed high diversity (Table 1) ; 36 species were identified in the samples collected, and were dominated by dinoflagellates. During the inter-monsoon season, the number of species declined by ~50%, but the total abundance of dinoflagellates did not decrease: the mean concentration remained 185 000 ± 88 000 (SD) cells l −1 (April to May). The abundance of Noctiluca de clined rapidly by the end of May. Despite the decrease in both cell size and cell abundance, this species accounted for 65−69% of the total phytoplankton biomass between April and May. The zooplankton fraction of the plankton community inhabiting the upper mixed layer was represented by several taxonomic groups, namely Copepoda (61%), Mollusca (9%) Oikopleuriddae (3%) and Cladocera (1%), with others contributing <1%. Copepods were the most abundant group, of which 57 species were identified in the samples (Table 2) . These were a mix of small-sized herbivores, carnivores and omnivores with a body length of about 1 mm. A similar decline in species diversity was observed, with 57 species in March, 37 species in April and 19 species in June.
DISCUSSION
Although the period before the DCM (prior to 28 March 2015) showed peaks of ~4 mg m −3 chl a (Fig. 2) ). Considering that the spring bloom is a short-lived event whereas the DCM is persistent over several months, the contribution to the regional production budget of the DCM is potentially up to an order of magnitude greater. In particular, the proximity of the DCM to the thermocline will likely lead to a greater f-ratio through sub-pycnocline nutrient supply and export of organic matter below the mixed layer.
The Seaglider time series provides an interesting insight into the dynamics of the DCM in this region. It is most likely driven by exchange of nutrients across the pycnocline, fuelling production in the photic surface mixed layer while providing a measure of vertical stability near the pycnocline. Fluctuations in chl a concentration are likely to be tied to interplay between mixed layer depth and photic depth or to mixing processes regulating nutrient availability. The importance of low-mode baroclinic Rossby waves has previously been highlighted as affecting pycnocline exchanges, and could significantly influence the depth and intensity of the deep fluorescence maximum (Ravichandran et al. 2012 ). The dominant factor likely mediating this heterogeneity is the presence of meso-and submesoscale eddies reported in the region, and commonly observed transiting eastward along the north coast of Oman (L'Hégaret et al. 2013 , Vic et al. 2015 . In particular, sea surface height data imply the presence of multiple eddies in the vicinity of the glider transect. According to Tang et al. (2002) , in the Arabian Sea, the chlorophyll maximum is often observed over peripheries of anticyclonic eddies and in the central Vic et al. 2015) and chl a concentrations. A weak spatial signal can be observed in Fig. 4 , with an intermittent increase in chl a near the shelf edge, likely linked to a strong shelf edge current providing increased shear and injection of nutrient-rich water into the photic zone. Due to the lack of in situ calibration of the Wetlabs fluorometer, the Seaglider data can only provide a qualitative contextualisation of the observed community composition and physiological shifts in Noctiluca scintillans. However, the absence of spatial variability in the glider chl a, optical backscatter and oxygen supersaturation all point to a homogeneity of the DCM across the entire survey region (Figs. 1 & 4) . Nevertheless, it is important to keep in mind that without in situ validation, it is not possible to assess whether the strong chl a at depth is linked to an increase in autotrophic biomass or increased packaging of pigment at depth relative to surface phytoplankton (Cullen 2015) . It is generally understood that the density of the endosymbiont Pedinomonas noctilucae scales with cell size in Noctiluca species within a given established community (Sriwoon et al. 2008) . In this study, we characterised endosymbiont density as the average endosymbiont algae surface area inside Noctiluca cells. During this study, both the size of Noctiluca cells and endosymbiont surface area de clined, from the late northeast monsoon to the inter-monsoon season (with no apparent change in proportion). It is possible that through low-light adaptation there may be a reduction in the carbon to chl a ratio. We suspect that such adaptation would have led to an increase in endosymbiont density within the Nocti luca cells; however, we observed no such change, only a decrease in cell size, possibly indicating a shift away from heterotrophy and a reduced need for motility within the water column (Fig. 5) . The endo symbiont density is an ecologically important characteristic of the Noctiluca population, which can grow photoautotrophically without external food particles for generations (Furuya et al. 2006 ). In our observations, the number of food vacuoles as well as their saturation with food particles was low, thereby also indicating a shift towards autotrophy by the end of the inter-monsoon season. This is supported by the elevated oxygen concentration along the DCM, indicative of elevated production (Fig. 1) .
The algal blooms observed in the northern Arabian Sea are predominantly formed by Noctiluca species, and accompanied by less abundant diatoms of the genera Rhizosolenia, Thalassionema and Chaetoceros . A Noctiluca bloom sampled along the southwest coast of India in March 2007 was accompanied by 9 species of diatoms (namely C. brevis, C. didymus, Navicula digio-radiata, N. elegens, N. lyra, R. alata, R. hebetata, R. imbri cata, T. nitzschioides) and 10 species of dinoflagellates (Ceratium furca, C. trichoceros, C. vultur, Diplo peltopsis minor, Diplopsalis lenticula, Prorocentrum micams, Protoperidinium obovatum, P. oceanicum, P. pyriforme and P. steneii; Padmakumar et al. 2010 ). In our case, the number of phytoplankton species accompanying the Noctiluca bloom was twice as high as that recorded in the 2007 survey (Table 1 ). Perhaps this difference is associated with a basin-scale phytoplankton diversity pattern which is high in the western part of the Arabian Sea compared to its central and eastern parts.
The 'paradox of mesozooplankton biomass' re ported for the western and eastern Arabian Sea (Madhupratap et al. 1992 , Baars 1999 ) is based on observations that biomass varies little throughout the seasons. Our observations of a persistent DCM, with a decline in species diversity and a decline in chlorophyll content of Noctiluca cells, could shed some light on this paradox. We speculate that the persistent subsurface algal bloom acts as a food source for mesozooplankton organisms, many of which migrate diurnally through the bloom. In combination with changes in food preference including consumption of microbial organisms (Smith & Madhupratap 2005) , this might keep the biomass stable over multiple seasons.
As a direct result of the limited number of in situ observations, most estimates of production in the region have relied on remote sensing. The presence of a persistent DCM has important implications for the estimation of chlorophyll concentrations from remote sensing in the Arabian Sea. Fig. 3 is a monthly composite of chl a distribution as estimated via remote sensing within the Gulf of Oman and northwestern Arabian Sea. One can see that the month of April, for instance, is characterised by minimal concentrations. However, the glider time series indicated the presence of a deep maximum during this time. The issue of satellites not being able to observe features below the first optical depth is well understood and clearly impacts past assessments of the region (Figs. 2 & 4) . It is also likely that this bias is applicable to the wider Arabian Sea, as similar deep fluorescence maxima have been observed beyond the Gulf (Barlow et al. 1999 , Ravichandran et al. 2012 .
Assessments of primary production relying solely on remote sensing observations may significantly underestimate chl a biomass during the inter-monsoon periods. Studies of DCM worldwide have shown that this layer can contribute significantly to the primary production of a region (Anderson 1969 , Shulenberger & Reid 1981 , Cullen 2015 , Queste et al. 2016 . The persis tence of Noctiluca-dominated subsurface algal blooms and physiological change as the DCM descends have yet to be studied in detail. Due to their mixotrophic nature, it is possible that Noctilucadominated DCM may exhibit a higher carbon to chlorophyll ratio than those traditionally observed worldwide. This emphasises the importance of properly qualifying the phenology, distribution and intensity of this Noctiluca-dominated DCM due to its critical role as the basis of the regional food web, sustaining large and important fisheries locally, and in carbon export, influencing both carbon sequestration and the oxygen consumption potential of the strong oxygen minimum zone present in the Gulf and Arabian Sea.
CONCLUSIONS
The Seagliders launched in the northwestern Arabian Sea provided valuable insights into the processes occurring during the collapse of the bloom and the formation of the DCM during the spring intermonsoon season. This dataset provides the first set of high-resolution observations describing the spatial and temporal variability of the DCM. We observed little spatial variability in depth and extent of the DCM, indicating that this process is widespread across at least a large part of the basin. Plankton samples indicated a community dominated by Noctiluca scintillans throughout the spring inter-monsoon season, which we suggest acted as seed stock for the summer bloom trigged by the mixing and subsequent injection of nutrients into the upper layer, induced by the summer (southwest) monsoon. Species diversity of the subsurface algal bloom exhibited the 2-fold decrease during the spring inter-monsoon period.
Most estimates of regional productivity in the region are currently based on remote sensing; this method has well-understood limitations that risk underesti-mating production in regions with strong DCM. Our measurements showed a strong DCM be low the first optical depth. As this subsurface bloom persisted throughout the inter-monsoon season and was spatially homogeneous, it potentially represents a very significant carbon sink that has yet to be ac curately quantified through its potentially greater f-ratio and elevated autotrophic biomass. We suggest that this region of the Arabian Sea is much more productive than previously estimated.
Despite its limitations, remote sensing has formed the basis of our understanding of the region for many years, due to issues of inaccessibility. With the advent of new autonomous platforms such as Seagliders, we can now complement remote sensing observations with cross-calibrated, in situ high sub-surface measurements to ex pand our understanding of remote regions.
